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StJMMARY AND co#cLuGIoNG 

This report cover8 the th i rd  phase of design of a highly 

efficient X-DC converter consisting of four regulated, 

isolated, and short c i r c u i t  protected outputs, The second 

quartorly report di8cuslsed the problem6 that were encountered 

in connection with the rrrgulating loop tha t  provides coarse 

voltage regulation t o  the output series regulators. I n  

par t icular ,  loop s t ab i l i t y  and ripple problaa8 wire discussed. 

'phi6 t h i rd  period of s tudy  wae expended to optirnlze t h e  

design of the regulation control loop and s o r b s  regulator 

circuit.. To accomplish thim, it wa8 found -8~ary to 

colaprmi8s and obtain less than the damired efficiency due 

to the deviation of the regulating 1- from its theoretical 

perfoywance,. Zn analyzing this problem, an al ternate  

approach ( d e w x i b a d  later in t he  report) war3 d+8ignad o€fethg 

promise to meet the p r h r y  program goale. l n i t i a l  tests show 

achievement of thsee goals with the posmible excaption of 

output ripple. To mducs  the output ripple, further s tudy 

m u m t  include output filter designe t ha t  would not advermely 

affect  s t a t i c  or dynamic load regulation. 

It is f e l t  that ,  w i t h  sufficient time to study thcae problems, 

the al ternate  approach can be developed to m e e t  a l l  required 

I .  

1 

program goals. 
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I. INTRODUCTION 
This report descr ibes  the t h i r d  q u a r t e r l y  per iod of e f f o r t  
t o  develop a DC t o  DC converter of very high e f f i c i ency .  

During t h i s  t h i r d  phase of work, considerable  e f f o r t  was 
expended on cpt-imization of t h e  r equ la t ion  con t ro l  
loop and series regulator  c i r c u i t s ,  I n  t h e  course of 
optimizing these  c i r c u i t s ,  it was necessary t o  design a 
new approach t o  increase t h e  e f f i c i ency .  A n  approach was 
developed t o  circumvent t h e  u s e  of four  series r egu la to r s ,  
and is descr ibed i n  Section I1 of t h i s  r epor t .  The new 
approach is  t o  i n c l u d e  four pu l se  width r egu la to r s  one 
f o r  each output ,  and t o  preclude t h e  u s e  of four  series 
regu la to r s .  Sect ion I1 describes i n  d e t a i l  t h e  problems 
e f f e c t i n g  t h e  new approach. 

Those a r e a s  which w i l l  deviate  from the d e s i g n  spec i f i ca -  
t i o n  by using t h e  four  p u l s e  width r egu la to r s  innovation 
a r e  those which usua i ly  r e q u i r e  series regu la to r s :  
s p e c i f i c a l l y  load t r a n s i e n t  response,  output  sp ikes ,  and 
output  impedance, Output vo l tage  t r a n s i e n t  due t o  load 
changes w i l l  probably be about *1% a s  opposed t o  the 

design goa l  of *1/2%. The t r a n s i e n t  recovery t i m e  of 
10 M S ,  however, can be  m e t  wi thout  series r egu la to r s .  
Output sp ikes  may be on t h e  order  of 60 MV p-p ins tead  
of t he  d e s i r e d  1 0  MV p-p. Output impedance w i l l  not 
s u f f e r  appreciably.  More capaci tance w i l l  be needed on 
t h e  output ,  This is  due t o  t h e  f a c t  t h a t  t h e  pu l se  
width r e g u l a t o r  has  a l o w e r  frequency cu to f f  po in t  than 
a series r egu la to r .  Consequently, t h e  output  capac i to r  
w i l l  have t o  provide a low impedance down t o  a lower 
frequency than it would have t o  do i n  a series r egu la to r .  

11. DISCUSSION 

A .  The b a s i c  "block diagram" approach t h a t  was s tudied  
up  t o  t h i s  t i m e  was t h e  following. 

3 
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VOLTAGE 

A s  t h e  input voltage changes, t h e  output  of t h e  pulse  
width r egu la to r  changes i n  t h e  opposi te  d i r e c t i o n  so 

a s  t o  maintain t h e  sum of t h e  output of the  two s a t u r -  
ab le  co re  o s c i l l a t o r s  a t  approximately a constant  

+ l e v e l .  A s  t he  input vo l tage  approaches i t s  maximum 
value of 20 VDC, t he  output  of t h e  pu l se  width 
r egu la to r  approaches zero.  I n  t h e  beginning phases 
of work on t h i s  c i r c u i t  it was a n t i c i p a t e d  t h a t  t h e  
pulse  width regula tor  could be  made t o  opera te  
s a t i s f a c t o r i l y  down t o  zero output  vo l tage .  A t  

maximum lnput voltage,  t h e  paise w i d t ?  r egu la t c r  
and boos t  o s c i l l a t o r  would be completely o f f  r e s u l t i n g  
i n  t h e  desired maximum e f f i c i e n c y  a t  maximum input 
vol tage.  

There a r e  two main problems a s soc ia t ed  with t h i s  
approach. One i s  control  loop s t a b i l i t y  and t h e  
o ther  is  r ipp le .  

T h e  proble? of Loop s t a b i i i t y  r e s u l t i n g  f z o , n  co?txol 
’ oop confl ic t - .ng requj.rei?ents, pro1:ed ‘-G be I:!Lch :rare 

co..-piex than a t  f i i  s t  a n t i c i p a t e d .  Fc?::- adequate 
+vnaT.ic load L-esponse, t h e  f requencjr respons? of t ? -  

ron t ro :  loop ;:-jst be’ fast arid, a t  t h e  sa:::c t:.ne, 

p rope r  .::ircuit oper; t ion ~ u s t  avoid f a l s e  t r i g g e r i n g  
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problems. The sense  po in t  (a f u l l  wave r e c t i f i e d  

square wave derived f r o m  a d d i t i v e  windings on each 

of t h e  t w o  o s c i l l a t o r  t ransformers)  conta ins  t h e  

negat ive t r a n s i e n t s  t h a t  a r e  common t o  a l l  r e c t i f i e d ,  

non-f i l tered outputs  of s a t u r a b l e  core o s c i l l a t o r s .  

These negat ive t r a n s i e n t s  a r e  about four  v o l t s  i n  

magnitude a t  t h e  12 v o l t s  sense poin t .  A negat ive 

t r a n s i e n t  of only 100 MV w i l l  trigger t h e  detect ion-  

to-pulse c i r c u i t *  i n  t h e  p u l s e  width r egu la to r .  

Thus the sense po in t  must be f i l t e r e d  t o  prevent  t h e  

pulse  width regulator  switching c i r c u i t r y  from 

locking i n t o  t h e  o s c i l l a t o r  frequency. S ince  t h e  

detection-to-pulse c i r c u i t  has  a high impedance input ,  

t h e  f i l t e r i n g  a t  t h i s  p o i n t  mus t  be q u i t e  s u b s t a n t i a l .  

The d i f f i c u l t y  t h a t  was encountered i n  a t tempting t o  

solve t h i s  problem w a s  t h a t  t h e  amount of f i l t e r i n g  

t h a t  w a s  needed t o  prevent f a l s e  t r i g g e r i n g  lowered 

the  frequency response of t h e  con t ro l  loop t o  t h e  

poin t  t h a t  t h e  output r i p p l e  of t h e  pu l se  width 

r egu la to r  rose  t o  in to l e rab le  l e v e l s .  The problem 

was f u r t h e r  complicated by t h e  non-magnetic requi re -  

ment of t h e  c i r c u i t r y .  Fa lse  t r i g g e r i n g  of t h e  pulse  

width r egu la to r  was caused by electromagnet ic  

i n t e r f e rence  r ad ia t ion  a s  w e l l  a s  conducted noise  

on  t h e  sense leads.  This type of f a l s e  t r i g g e r i n g  

was appreciably reduced by enclosing t h e  low l e v e l  

c i r c u i t r y  with mu-metal. However, magnetic sh i e ld ing  

is no t  acceptable  due t o  t h e  non-magnetic requirement 

of t h e  c i r c u i t .  

* See previous quar te r ly  r epor t  f o r  d i scuss ion  of 
t h i s  c i r c u i t  
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The current driven boost oscillator was operated 

satisfactorily dowo to z e r o  volts input from a 

separate dc voltage supply during t h e  previous quarter 

before being integrated into the e n t i r e  system, 

> I  

b 

preblan w i t h  r ipph arisae from the fact that 

thr w e  voltage rrsazrinr at 12 volt8 while the output 

voltage from the pules width regulator changes from 

11.5 volts to zero v~lts with changes i n  input voltage. 

Th+ peak-to-peak value of the ripple at the output 

fdllhh conatant. 

wi&h regulator dkcr-8, the prrcrntaga ripple from 

Thw as the output fram the pulse 
\ 

the pul8r w i d t h  regulator h~rWkS.8. . 
ma unsatisfactory r i p p h  performance vas considerably 

aggravated by the contml loop stability problem such 

that the o y e t m  rfppl+ Cpuld not be reduced to a 

tolarabla level, Uhem the dc input voltage to the 

boost a r c i l l a t o r  is about one volt, and this  voltage 

contains 50 percent ripple, than the output ripple 

frau th.r two oseillatoru on the 12 volt output@ is 

between 0.7  and 1.0 v o l t  pop. This is a proh ib i t ive  

\ 

amount of ripple and drops the e f f i c i e n c y  to about 

80%, an unacceptably low value. Study of the d e t a i l  

loop requirements indicate8 that the transformer 

coupling necessary for isolation introduces intolerable 

high frequency phase shifts. 
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€3, When it became apparent t ha t  the e f f i c i e n c y  goal would 

no t  be m e t  wi th  t h e  approach descr ibed  i n  para- 

graph A ,  a p p r a i s a l  was made of the complete 

c i r c u i t .  C e r t a i n  aspects of the above approach 

are compatable w i t h  the  ef f i c i ency  requirement and 

should be re t a ined ,  S p e c i f i c a l l y ,  the d e s i r a b l e  

aspects of tho c i r c u i t  are the current-dr iven oscil- 

l a t o r s  and the p u l s e  w i d t h  r e g u l a t o r  c i r c u i t .  The 

cur ren t -dr iven  o s c i l l a t o r s  a r e  the m o s t  e f f i c i e n t  type  

of s a t u r a b l e  core osci l la tors ,  They a l so  genera te  
b 

much smal le r  c u r r e n t  s p i k e s  on the inpu t  w h i c h  reduces 

any R.F.I.  problem, The p u l s e  wid th  r e g u l a t o r ,  by 

itself, is the most e f f i c i e n t  method of vo l t age  

r egu la t ion .  Losses in  the p u l s e  w i d t h  r e g u l a t o r  are 

almost n e g l i b i b l e  except for  the unavoidable losses i n  

t h e  commutating diode. 

aspects of the c i r c u i t  which do no t  appear to be 

compatable w i t h  the e f f i c i e n c y  requirement. 

# 

There are  t w o  undes i rab le  

These 

are t h e  complexity and i n e t a b i l i t y  of the inpu t  

vo l t age  r e g u l a t i o n  con t ro l  loop and the use  of series 

r e g u l a t o r s  on the output.  The i n s t a b i l i t y  of the 

c o n t r o l  loop r e s u l t s  i n  an  unacceptable  l e v e l  of 
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r i p p l e  ahead of t h e  s e r i e s  r egu la to r s .  The Honeywell 
t r a n s i s t o r s  t h a t  were going t o  be u s e d  f o r  t h e  series 
r e g u l a t o r s  can operate e f f e c t i v e l y  with only 0.3 v o l t s  
across  them f o r  one amp load cu r ren t s .  The s a t i s f a c t o r y  
operat ion of the overa l l  c i rcu i t  was dependent on main- 
t a i n i n g  t h e  vol tage regul i i t ion ahead of t h e  series 
regu la to r s  t o  about a two percent  t o t a l  devia t ion  from 
nominal so t h a t  t h e  l o w  opera t ing  vol tage  of t hese  
t r a n s i s t o r s  could be used t o  advantage. The dc 
r egu la t ion  a t  t hese  poin ts  was regula ted  t o  t h i s  
accuracy. However, the r i p p l e  was of such a magnitude 
and frequency t h a t  it could not  be f i l t e r e d  out  b y  a 
reasonable amount of capaci tance.  Therefore the  r i p p l e  
had t o  be removed by  t h e  series regula tors .  This 

necess i t a t ed  about 1.3 v o l t s  across  t h e  series regu- 
l a t o r s  on the 1 2  vo l t  ou tputs  and a corresponding 
percentage drop across t h e  series regu la to r s  i n  t h e  20 
and 50 v o l t  o u t p u t s .  The series regu la to r s  have t h e  

. added disadvantage of needing a sepa ra t e  b i a s  supply 
f o r  the series t r a n s i s t o r  t o  opera te  them e f f i c i e n t l y .  
I f  t h i s  b i a s  supply is not  used, t h e  base c u r r e n t  
f o r  the ser,ies t r a n s i s t o r  mus t  b e  suppl ied across  t h e  
e n t i r e  input  voltage t o  t h e  series regu la to r .  Assuming 
f o r  one amp load t h a t  40 MA of base dr ive  is needed,  

then t h e  l o s s  on one 1 2  v o l t  output  due t o  base dr ive  
would be approximately (12 )  (.04) = .48 wa t t s  o r  4%. 

C. On reappra is ing  the c i r c u i t ,  a s l i g h t l y  d i f f e r e n t  

approach appears more des i r ab le .  This a l t e r n a t e  
approach became a t t r a c t i v e  when t h e  pu l se  width 
r egu la to r  was improved a s  a r e s u l t  of d e t a i l e d  s t u d i e s  
of t h e  loop s t a b i l i t y  problem. The approach t h a t  
o f f e r s  t h e  most promise a t  t h i s  t i m e  is the  following. 

D C  0 h ) E  OF 

- l -  



This approach completely e l imina tes  one series l i n k  
of vo l tage  regula t ion  using a pulse  width r egu la to r  
on each of t he  four  outputs f o r  both input  vo l tage  and 
load regula t ion .  
c i r c u i t  of  t h e  pu l se  width r egu la to r  is  very good s i n c e  
t h e  vol tage  s e n s e  point  is t h e  output  and t h i s  po in t  is 
highly f i l t e r e d  and not suscep t ib l e  t o  e lectromagnet ic  
in te r fe rence .  This is  due t o  t h e  f a c t  t h a t  t h e ' v o l t a g e  
sense p o i n t  is of  a l o w  impedance. The primary switching 
ac t ion  of t h e  pulse  width r egu la to r  is a l s o  opera t ing  
under much b e t t e r  circumstances i n  t h i s  c i r c u i t .  For 
example, on the  1 2  vo l t  l i n e ,  assuming f o r  t h e  moment 
t h e r e  is no drop across t h e  switching t r a n s i s t o r s ,  t h e  
vol tage input  t o  t h e  p u l s e  width r egu la to r  v a r i e s  from 
1 2  t o  20 v o l t s  a s  t h e  input  vo l tage  v a r i e s  from 1 2  t o  
20 v o l t s  while  t h e  output vol tage remains a t  1 2  v o l t s .  
The r a t i o  of output t o  input  vol tage thus  v a r i e s  only 
from one t o  0.6. I n  the o r i g i n a l  c i r c u i t  t h i s  r a t i o  
var ied from one t o  zero. Since t h e  percentage of t i m e  

t h a t  t h e  series s w i t c h  is closed equals  Eout,  t h e  "on 

t i m e "  of t h e  switch t h e o r e t i c a l l y  had t o  go t o  zero.  
Since no t u r n  o f f  c i r c u i t  could be used, a s  described 

i n  the  l a s t  r epor t ,  t h e  s to rage  t i m e  l imi t ed  t h e  min- 
i m u m  t i m e  t h a t  t h e  switch could be "on" once it was 
t u r n e d  "on." This, plus t h e  response t i m e  of t h e  
con t ro l ,  l imi t ed  t h e  m i n i m u m  ''on t i m e "  t o  a t  l e a s t  3gsec. 
This problem was t h e  main reason t h e  pu l se  width 
regula tor  would not  work down t o  zero  output  vol tage.  
I n  t h e  a l t e r n a t e  approach, which now appears t o  be most 
des i r ab le ,  t h e  output vo l tage  is  constant .  This allows 
f o r  a simple and e f f i c i e n t  tu rnof f  c i r c u i t  t o  be  used  

f o r  t he  switching t r a n s i s t o r  a s  explained i n  t h e  
second q u a r t e r l y  report .  

The s t a b i l i t y  of t h e  switching 

E in  

D. A s l i g h t  modification w i l l  have t o  be made t o  t h e  
sa tu rab le  core  o s c i l l a t o r  i f  t h e  approach described 
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This approach completely e l imina te s  one series l i n k  
of vo l tage  regula t ion  using a pu l se  w i d t h  r e g u l a t o r  
on each of t h e  four  outputs  f o r  both input  vo l tage  and 

load r egu la t ion .  The s t a b i l i t y  of t h e  switching 
c i r c u i t  of  t h e  pulse  width r egu la to r  is very good s i n c e  
t h e  vol tage  sense poin t  is t h e  output  and t h i s  po in t  is 

highly f i l t e r e d  and n o t  susceptible t o  electromagnet ic  
i n t e r f e rence .  This is due t o  t h e  f a c t  t h a t  t h e ' v o l t a g e  
sense  po in t  is of a low impedance. The primary switching 
a c t i o n  of the pu l se  width r egu la to r  is a l s o  ope ra t ing  
under much better circumstances i n  t h i s  c i r c u i t .  For 

example, on t h e  1 2  v o l t  l i n e ,  assuming f o r  t h e  moment 
there is  no drop across  the  switching t r a n s i s t o r s ,  t h e  
vol tage  input  t o  the pu l se  width r e g u l a t o r  v a r i e s  from 
1 2  t o  20 v o l t s  a s  t h e  input  vo l tage  v a r i e s  f r o m  1 2  t o  

20 v o l t s  whi le  t h e  output vo l tage  remains a t  1 2  v o l t s .  
The r a t i o  of output  t o  input  vo l tage  thus  v a r i e s  only 
from one t o  0.6, I n  t h e  o r i g i n a l  c i r c u i t  t h i s  r a t i o  
var ied  f r o m  one t o  zero. S ince  t h e  percentage of t i m e  

t h a t  the  series switch is closed equals  E o u t ,  the "on 

t i m e "  of t h e  switch t h e o r e t i c a l l y  had t o  go t o  zero.  
Since no t u r n  o f f  c i r c u i t  could be used, a s  described 

i n  t h e  l a s t  r epor t ,  t h e  s to rage  t i m e  l i m i t e d  t h e  min- 
i m u m  t i m e  t h a t  t h e  switch could be "on" once it was 
turned "on." This ,  p lus  t h e  response t i m e  of t h e  
con t ro l ,  l i m i t e d  t h e  minimum "on time" t o  a t  l e a s t  3 ~ s e c .  
This problem w a s  t h e  main reason t h e  p u l s e  w i d t h  
r egu la to r  would not work down t o  zero  output  vol tage.  
I n  t h e  a l t e r n a t e  approach, which now appears  t o  be m o s t  
d e s i r a b l e ,  t h e  output  vo l tage  i s  constant .  This allows 
f o r  a simple and e f f i c i e n t  tu rnof f  c i r c u i t  t o  be u s e d  

for t h e  s w i t c h i n g  t r a n s i s t o r  a s  explained i n  t h e  
second q u a r t e r l y  repor t ,  

E i n  

D. A s l i g h t  modif icat ion w i l l  have t o  be made t o  the  
s a t u r a b l e  core o s c i l l a t o r  i f  t h e  approach described 
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i n  paragraph C is t o  be used. 
needs t o  be continuously loaded t o  func t ion  proper ly .  
The p u l s e  width r egu la to r  does not p r e s e n t  a constant 
load  t o  the o s c i l l a t o r  a s  t h e  series s w i t c h  is a l t e r n a t e l y  

opening and closing. 
proper ly  when t h e  switch is open, a s m a l l  amount of 
convent ional  type  vol tage feedback must be added t o  t h e  
base  d r i v e  c i r c u i t ,  
s u f f i c i e n t  t o  d r i v e  t h e  swi tch ing  t r a n s i s t o r s  t o  t h e  
p o i n t  of handl ing t h e  no-load c u r r e n t  dra in .  
load loss is a l r eady  n e g l i g i b l e  so t h a t  the added p o w e r  
consumed i n  t h i s  a d d i t i o n a l  d r i v e  power w i l l  no t  a f f e c t  
the e f f i c i e n c y .  The fac t  t h a t  the load  c u r r e n t  i n  each 

of t h e  fou r  secondary windings on t h e  o s c i l l a t o r  
t ransformer i s  a pulse ,  r a t h e r  than  a continuous c u r r e n t ,  
w i l l  n e c e s s i t a t e  a new type  of c u r r e n t  sensing. 
average current in the  secondary windings is  no t  equal  
t o  the load c u r r e n t .  
vo l t age  and load cur ren t .  A unique type  of c u r r e n t  

l i m i t i n g  c i r c u i t  w i l l  have t o  be developed fo r  t h i s  

type  of c i r c u i t  t o  preserve  the p o t e n t i a l  h igh  e f f i c i e n c y .  

A c u r r e n t  dr iven  o s c i l l a t o r  

To keep t h e  o s c i l l a t o r  func t ion ing  

This d r i v e  power need only be 

This no- 

The 

It is a func t ion  of bo th  inpu t  

111. PROPOSED PROGRAM FOR NEXT REPORTING P E R I O D  

The new p u l s e  width r egu la to r  c i r c u i t  w i l l  be optimized f o r  
e f f i c i e n c y ,  vo l t age  r egu la t ion ,  and minimum r i p p l e .  
c i r c u i t  w i l l  be made t o  provide s h o r t  c i r c u i t  p ro t ec t ion .  
The s a t u r a b l e  core o s c i l l a t o r  w i l l  be modified so  a s  t o  
ope ra t e  under no-load condi t ions.  

A new 
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